The Role and Implications of Bassanite as a Stable Precursor Phase to Gypsum Precipitation
A. E. S. Van Driessche, 1 L. G. Benning, 2 * J. D. Rodriguez-Blanco, 2 M. Ossorio, 1,2 P. Bots, 2 J. M. García-Ruiz 1 * Calcium sulfate minerals such as gypsum play important roles in natural and industrial processes, but their precipitation mechanisms remain largely unexplored. We used time-resolved sample quenching and high-resolution microscopy to demonstrate that gypsum forms via a three-stage process: (i) homogeneous precipitation of nanocrystalline hemihydrate bassanite below its predicted solubility, (ii) self-assembly of bassanite into elongated aggregates co-oriented along their c axis, and (iii) transformation into dihydrate gypsum. These findings indicate that a stable nanocrystalline precursor phase can form below its bulk solubility and that in the CaSO 4 system, the self-assembly of nanoparticles plays a crucial role. Understanding why bassanite forms prior to gypsum can lead to more efficient anti-scaling strategies for water desalination and may help to explain the persistence of CaSO 4 phases in regions of low water activity on Mars.
T he precipitation of calcium sulfate phases (gypsum, bassanite, and anhydrite) from seawater led to the formation of numerous ancient and modern evaporite deposits on Earth (1, 2) and to abundant gypsum (3) and bassanite (4) on Mars. Today the precipitation of gypsum poses a serious economic threat through the formation of massive mineral scales in pipes and other production equipment in desalination plants that produce drinking water (5, 6) . The formation of gypsum (CaSO 4 •2H 2 O) from solution is generally assumed to proceed via a single-step direct precipitation pathway (7) , although a multistep pathway including an amorphous intermediate (8) has been reported. One current limitation in quantifying and controlling this reaction is the lack of a mechanistic understanding of the stages and variations in the structural identities of the solids that form during gypsum synthesis.
Using two fast solution sample-quenching methods [vacuum/solvent filtration (9) and cryoquenching (10)] and high-resolution transmission electron microscopy (HR-TEM), we investigated the early stages of the nucleation and growth process(es) leading to the precipitation of CaSO 4 phases (11) . We performed precipitation experiments in solutions supersaturated with respect to gypsum (saturation index SI Gyp = +0.14 to +1.04) (11) in order to mimic typical precipitation conditions in desalination plants and in natural evaporitic environments (e.g., saline lakes), which ultimately play a decisive role in controlling the global sulfur cycle.
The first reaction observed was the homogeneous nucleation of nanocrystal particles 10 to 15 nm in diameter, with a d-spacing of 6.0 T 0.2 Å (n = 80) ( Fig. 1, A and B ). Among all possible calcium sulfate phases (12, 13) , this d-spacing is characteristic of only the hemihydrate bassanite (CaSO 4 •0.5H 2 O). Remarkably, the bassanite nanocrystals nucleated at undersaturated conditions (SI Bas = -0.02 to -0.72) (11) . We confirmed their presence through fast Fourier transform (FFT) measurements ( Fig. 1A , inset) of many individual particles and through selected area electron diffraction (SAED) of bassanite nanoparticle areas ( Fig. 1G ). Furthermore, the cryo-quench technique showed that these nanocrystals are not sample preparation artifacts. Images of nanoparticles produced using this approach revealed identical bassanite nanocrystals, also with the 6.0 Å and 3.48 Å d-spacings typical of bassanite ( Fig. 1B) . Finally, the presence of bassanite at these early stages was confirmed through powder x-ray diffraction of bulk samples extracted from the reacting solutions via different vacuum/solvent filtration techniques ( fig. S1 ).
Once nucleated, these initially rounded nanoparticles seemed to be stable relative to the solution for short periods of time, after which they grew mainly along their c axis, evolving into variably sized nanorods ( Fig. 1 , C to E, and fig. S2 ). However, all nanorods maintained the bassanite dspacings, as confirmed by multiple FFT measurements ( Fig. 1D , inset) and SAED ( Fig. 1H ) analyses. The nanorods developed a porous aspect ( Fig. 1 , C to F) not observed in the >80 bassanite nanoparticles we analyzed (e.g., Fig. 1, A and B ). Using a tilt series approach (5°angle per step over a 90°range), we repeatedly imaged various bassanite nanorods and confirmed that the observed porosity was not a consequence of the HR-TEM imaging. Pores 2 to 30 nm in diameter were previously reported in large (50 to 300 mm) bassanite crystals (14) . Bassanite nanorods grew up to 100 nm in length ( Fig. 1 , D and E) but ultimately selfassembled into aggregates primarily cooriented along the c axis ( Fig. 1F and Fig. 2A ). However, all individual nanorods within the oriented aggregates still maintained the bassanite nanostructure, as confirmed by SAED ( Fig. 1I) .
Finally, the oriented bassanite aggregates ( Fig. 2A ) transformed into micrometer-sized, well-faceted, thin gypsum crystals ( Fig. 2B ; corresponding SAED pattern in Fig. 2C ). When we imaged these large gypsum crystals at high resolution, remnants of bassanite nanorods ( Fig. 2F ) and assorted bassanite and gypsum d-spacings (Fig. 2 , F and G) were still evident. Remnant bassanite was also confirmed through the SAED pattern collected from the large gypsum crystal shown in Fig. 2D , which revealed a combined bassanite (akin to the oriented aggregated bassanite in Fig. 1I ) and gypsum reciprocal lattice ( Fig. 2E) .
These time-resolved observations show that the formation of bassanite nanocrystals and nanorods at undersaturated conditions and their oriented self-assembly are the crucial steps controlling gypsum formation from aqueous solutions. In many other similar salt systems, precipitation from solution proceeds via an amorphous precursor and other metastable crystalline intermediates, all of which form above their bulk solubility [i.e., amorphous calcium carbonate (15, 16) , vaterite (9), and amorphous calcium phosphate (16, 17) ].
Recently, a similar pathway was suggested in which an amorphous calcium sulfate and hemihydrate are sequentially precipitated prior to gypsum formation (8) . However, our data show that the crystallization of gypsum does not proceed via an amorphous stage, but occurs via the solutionbased nucleation, growth, and oriented self-assembly of nanocrystalline bassanite, which precipitates within its "forbidden" undersaturated solubility region (SI Bas = -0.02 to -0.72). Such a reaction chain suggests that at ambient conditions, a different pathway for the precipitation of phases from solution and their transformation through the Ostwald rule may be important. Combined with the observation that the hemihydrate (bassanite) precipitated as a precursor to the more hydrated phase (gypsum), these findings contradict the generally accepted bulk solubility behavior (7, 13) for calcium sulfates. Bulk bassanite is metastable across the whole temperature range ( Fig. 3A and fig. S3 ). However, our data reveal bassanite nanoparticles and nanorods that are stable relative to an undersaturated solution ( Fig. 3B and fig. S3 ) (11) , which suggests that the solubility of the bassanite nanocrystals must be much lower relative to bulk bassanite. Furthermore, at the lowest supersaturation (SI Bas = -0.72, SI Gyp = +0.14; fig. S2B ), only small and poorly formed bassanite nanorods were observed, and no gypsum formed even after 24 hours; these findings indicate that when small particles prevail, the solubility of bassanite may actually be lower than that of gypsum.
Similar trends have been observed in several other systems [e.g., alumina (18) , titania (19) , and SiO 2 (20) ], where size-and polymorphdependent enthalpies play the dominant role in defining phase stability (21) . This is believed to be a consequence of the small differences in transformation enthalpies between polymorphs (21) . Furthermore, when nanocrystalline particles become thermodynamically favored and form at the expense of the bulk phase [e.g., ZnS (22) ], a change in surface enthalpy (energy) with particle size (or surface area) infers a correlation between phase stability (or metastability) and crystal size (21, 22) . In the case of gypsum and bassanite, the transformation enthalpy [D r H˚B as-Gyp ≈ 17 kJ/mol (11) ] is comparable to that of other systems. The surface enthalpies of calcium sulfates are much lower than those of other highly crystalline phases [e.g., titania or zirconia (21) ]. Nonetheless, for our system, the use of a constant surface enthalpy reveals a crossover between gypsum and bassanite only at very small particle sizes (Fig. 3C) (11) . When variable surface enthalpies are inferred ( Fig.   3C ) (23), a much more realistic picture emerges.
The assumption of a direct link between decreasing surface energy and decreasing particle size due to lattice contraction (23) leads to a crossover between gypsum and bassanite at a realistic particle size ( Fig. 3C) (11) , but this approach does not account for the formation of bassanite nanocrystals below their bulk solubility.
An alternative concept that construes surface enthalpy as variable (11, 22) better represents our observations of bassanite precipitation below its bulk solubility, yet it assumes an effective negative surface energy for the bulk phase (22) . Although this is less representative of the conditions in our experiments, it still links the observed bassanite particle size with the oriented aggregation and self-assembly process in several ways: (i) Bassanite nanoparticle nucleation and growth to nanorods occurs when D r H˚B as decreases with decreasing surface area (i.e., nanoparticles and/or nanorods are thermodynamically favored); (ii) oriented aggregation of the bassanite nanorods occurs when D r H˚B as increases with decreasing surface area, hence the growth of bassanite from solution becomes thermodynamically unfavorable as D r H˚B as increases for larger particles; and (iii) the transformation of bassanite to gypsum occurs only when the overall size of the bassanite aggregates causes D r H˚G yp to become lower than D r H˚B as (Fig. 3C) . Furthermore, the aggregation through oriented self-assembly imparts a morphological control that ultimately leads to the recrystallization to large gypsum crystals. Lastly, the fact that the hemihydrate bassanite transforms to the dihydrate gypsum indicates that water [structural (24) and/or bulk] must play an important role in both the self-assembly of the bassanite nanorods and their ultimate transition to gypsum.
On a practical level, these findings show that a different reaction pathway could be responsible for the formation of the massive gypsum deposits in terrestrial evaporitic environments (1, 2) or giant gypsum crystals formed in caves (25, 26) and that this same pathway may also be the reason for the persistence of bassanite in environments with low water activity postulated for Mars (3, 4) . Special attention should be paid to the bassanite precursor phase in water desalination plants, as this may help to reduce gypsum scaling. Finally, our results provide a first step to a likely alternative and more cost-effective pathway for bassanite formation at room temperature; currentlỹ 10 11 kg of bassanite per year are produced for construction purposes ["plaster of Paris" (7) ] via the thermal dehydration of gypsum, and a direct aqueous synthesis of bassanite at room temperature would avoid the energy cost of hightemperature dehydration (7) . with corresponding SI values. The solubility curves, and SI Bas and SI Gyp were calculated with PHREEQC (11, 23) . (C) Illustration of the link between surface area (or particle size) and enthalpy of reaction (D r H˚) with respect to bulk gypsum. The change in enthalpy has been calculated in three ways: (i) using a constant surface energy g (18, 21) shown with black (gypsum) and red (bassanite) lines, (ii) considering a decreasing surface energy (23) with decreasing particle size due to lattice contraction for bassanite nanoparticles (pink curve), and (iii) applying a surface area-dependent surface enthalpy and negative surface energy for bulk bassanite (22) shown by the blue curve. This latter model, which assumes variable surface enthalpy, best described our observations. The horizontal gray line indicates the D r H˚for bulk gypsum, the solid vertical gray line represents the hypothetical surface areas where D r H˚B as is at a minimum, and the dashed vertical gray line represents the hypothetical surface area where D r H˚B as = D r H˚G yp . Late accretion of primitive chondritic material to Earth, the Moon, and Mars, after core formation had ceased, can account for the absolute and relative abundances of highly siderophile elements (HSEs) in their silicate mantles. Here we show that smaller planetesimals also possess elevated HSE abundances in chondritic proportions. This demonstrates that late addition of chondritic material was a common feature of all differentiated planets and planetesimals, irrespective of when they accreted; occurring ≤5 to ≥150 million years after the formation of the solar system. Parent-body size played a role in producing variations in absolute HSE abundances among these bodies; however, the oxidation state of the body exerted the major control by influencing the extent to which late-accreted material was mixed into the silicate mantle rather than removed to the core.
H ighly siderophile (iron-loving) elements [(HSEs): Re, Os, Ir, Ru, Rh, Pt, Pd, and Au] have low-pressure metal-silicate partition coefficients that are extremely high (10 7 to 10 15 ) (1, 2) . Consequently, these elements should have been substantially partitioned into the metallic cores of Earth and other rocky planets, leaving their silicate mantles effectively stripped of HSEs. Yet the concentrations of the HSEs in Earth's upper mantle (3) and the martian mantle (4, 5) are much greater than predicted from low-pressure experimental data ( Fig. 1, inset) (6) . The siderophile behavior of some HSEs may, however, be greatly reduced under high pressure-temperature conditions, and on this basis it has been suggested that high-pressure equilibration at the base of a deep molten silicate layer, or magma ocean (7, 8) , may account for their abundances in Earth's mantle. Nevertheless, the large apparent range of partition coefficients for HSEs, even at the elevated temperatures accompanying higher pressures in larger bodies (9) (10) (11) , is not consistent with the chondritic (i.e., primitive solar system) patterns of HSEs in both the terrestrial and martian mantles or with the similarities in absolute abundances between the two bodies (12) . This strongly suggests that high-pressure equilibration was not the dominant process controlling their present concentrations.
The simplest explanation of both the absolute and relative abundances of HSEs in the terrestrial and martian mantles is the late accretion of chondritic material after core formation, with material being mixed into the mantle by convection (13, 14) . Chondritic late addition of between 0.4 and 1% of the mass of the terrestrial and martian mantles (12) is permitted by current dynamical models of planetary accretion. However, the Moon poses a problem because, despite its smaller cross section and much weaker gravitational field, its HSE concentrations (15, 16) are markedly lower than predicted by a late-accretion hypothesis (12) .
Stochastic late accretion offers a solution to this problem, with late-stage material provided by impactors drawn from a leftover planetesimal population dominated, in mass terms, by large bodies (17) . With such a population, a limited number of massive random impacts could have delivered proportionally more material to Earth and Mars than to the much smaller Moon.
The accretionary histories of Vesta and similar asteroids were different from those of the terrestrial planets and the Moon, which accreted over time scales of 30 to 140 million years (My) (4, 18) . The smaller asteroids appear to have experienced rapid, efficient, and relatively lowpressure metal-silicate equilibration during globalscale melting (19) within the first few million years of the solar system, with a relatively short time window for late accretion between the end of core formation and the crystallization of the magma ocean or crust (18) . Given the short time scale, and a relative deficit of small planetesimals available to be accreted (17, 20) , it is reasonable to predict that the silicate portions of these planetesimals possess extremely low HSE abundances, potentially with fractionated relative proportions reflecting equilibration during core formation, without substantial late addition of chondritic material.
Here we present HSE abundances and 187 Os/ 188 Os isotope data (21) for basaltic meteorites: the eucrites and diogenites [part of the howarditeeucrite-diogenite (HED) suite generally believed, and assumed here, to sample the asteroid 4 Vesta]; anomalous eucrites [considered to be from distinct Vesta-like parent bodies on the basis of their oxygen isotope compositions (22) ]; angrites (from an unidentified parent body); and SNCs (believed to be from Mars).
Initial assessment of our data indicates that all the basaltic meteorites studied here have HSE interelement ratios (and Os isotope ratios) approaching those of chondrites ( Fig. 1A and fig.  S1 ), with some enrichment in Pt, Pd, and Re. There is no evidence for the extreme mantle depletions of Pt and Ir expected to accompany lowpressure metal-silicate equilibration (1, 6) . The
